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Abstract: Carbon nanotubes have emerged as highly promising theranostic agents due to their unique structural/physical
features, high surface area, and high drug-loading capacity. The high cytotoxicity of carbon nanotubes can be eliminated by noncovalent coating using hydrophilic polymers. We investigated the adsorption of long pyrene functionalized
polyethylene glycol (PEG) chains, PEG 2000 and PEG 5000 , on a single-walled carbon nanotube (SWNT) from a crowded
solution. Full-atom molecular dynamics simulations in explicit water were used to mimic the experimental conditions
of noncovalent PEGylation with a stoichiometry of one SWNT to ten pyrene-PEG. Although the diffusional behavior
of the pyrene molecules still attached to the polymers did not change according to chain length, the adsorption rate for
pyrene-PEG 2000 to the SWNT was higher than that for pyrene-PEG 5000 chains. Here longer chains sterically hindered
the adsorption of pyrene groups on the SWNT surface. Once adsorbed, pyrene molecules stayed on the SWNT surface
even though they frequently adopted different orientations that may weaken their π − π stacking interactions with the
nanotube surface.
Key words: Adsorption, interaction energy, PEGylation, controlled drug delivery

1. Introduction
Carbon nanotubes (CNTs) have been examined in terms of biomedical applications due to their numerous chemical and physical properties, such as high aspect ratios, large surface areas, rich surface chemical functionalities,
and size stability at nanoscale [1–5]. While the cytotoxicity of CNTs mostly depends on their concentration
[6], the most significant obstacle to their biomedical applications is their tendency to form bundles in aqueous
environments [7]. In order to overcome this limitation while maintaining the desirable properties of CNTs,
noncovalent conjugation with hydrophilic polymeric chains, such as with polyethylene glycol (PEG), is an ideal
approach [8–10]. For drug-carrying purposes, noncovalent coating of PEG on CNTs can increase their solubility
and extend their circulating times in blood [5]. The solubility of these nanocarriers can be improved by studying
nonbonded molecular interactions between the CNT and its coating controlling the performance of the complex
at macroscopic scale.
Noncovalent conjugation of CNTs by polymeric chains is basically an adsorption process driven by
nonbonded interactions between atoms. In the adsorption phenomena, properties of the solid surface, adsorbate,
and solvent significantly affect the stability of these interactions. Molecular dynamics (MD) simulations enable
one to study the effect of each parameter on adsorption, which in turn can provide useful insights into the
stability of the CNT–polymer complex during biomedical applications [11]. So far, MD simulations indicated
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that the CNT diameter [12] and chirality [13] have a significant impact on polymer–CNT interactions. On the
other hand, solvent polarity was shown to affect polymer adsorption on CNTs by altering polymer flexibility and
the strength of nonbonded interactions [14]. MD simulations also provided important details on the interaction
between CNTs and various polymeric systems, such as pyrene-attached polyethylene chains [14], branched PPO–
polyethylene oxide segments [15], different polyether surfactants [16], polyamide-66 [17], lipid-PEG chains [18],
and different flexible polymers [19,20].
CNTs are basically graphitic surfaces rolled up along different directions. The angle and direction of the
rolling result in CNTs with surfaces having different aromaticity patterns decorated with a network of sp 2 carbon
atoms [21–24]. This property secures numerous possibilities for the noncovalent functionalization of CNTs such
as by using aromatic molecules [25] like pyrene. Pyrene molecules were shown to interact with CNTs through
π − π stacking interactions [26–31]. This π -stacking is strong enough to tether long flexible polymer chains on
the CNT sidewall [14,32] as well as to immobilize proteins [33]. For biomedical applications, the noncovalent
attachment of pyrene-polymer chains on CNTs can provide good solubility in aqueous environments and low
cytotoxicity [32].
Various computational studies revealed that once attached to the nanotube surface, hydrophilic polymers,
such as PEG can extend to the solvent side and provide an invisibility cloak to the nanotube for a long time
[18,34]. In vitro stability, i.e. low cytotoxicity of these complexes, was recently reported by our group [32].
However, detailed transport properties and conformational dynamics of pyrene-PEG chains and CNT systems
in a crowded solution, as in experimental conditions, remain elusive. Understanding these properties is of
paramount importance for controlling the adsorption phenomena in these systems. In a previous study [32],
pyrene-PEG chain size, single-walled CNT size, and stoichiometric ratio of single-walled CNTs to pyrenePEG chains were shown to affect the noncovalent coating of nanotubes using computational and experimental
techniques. Different from the previous study, here we studied and reported in detail the adsorption phenomena
of long pyrene-PEG chains on a single-walled CNT in a concentrated aqueous solution. The focus was on the
effect of chain molecular weight on their adsorption rate over a CNT surface using full-atom MD simulations.
In addition, diffusional behaviors of both adsorbed and free pyrene molecules attached to long PEG chains were
analyzed. The dynamics of PEG chains were also investigated to reveal their effect on the adsorption process.
Finally, the interaction energies of pyrene-PEG chains of two different molecular weights on the CNT wall were
calculated using an efficient configurational sampling approach.
2. Results and discussion
2.1. Adsorption of pyrene-PEG chains on a single-wall carbon nanotube
Figure 1 displays the time evolution of distances between the pyrene ends and central axis of the single-wall
carbon nanotube (SWNT). When the pyrene end of a PEG chain was next to the SWNT, it spontaneously
adsorbed on its surface. Interactions between these aromatic groups were stabilized by strong π − π stacking
interactions. All adsorbed pyrene-PEG chains stayed on the SWNT surface during the simulations (Figure 1).
Interestingly, adsorbed pyrene molecules adopted different orientations, such as in parallel and perpendicular
to the nanotube surface or nanotube end. For this reason, distances between the pyrene and axis of the SWNT
changed between 3.3 Å (in SWNT entrance) and 10.4 Å (in perpendicular orientation). Here the adsorption
distance between the pyrene group and SWNT surface was ∼3.6 Å, which agreed well with the adsorption
distance of pyrene-polyethylene chains on a thin SWNT (3.6 Å) [14] and on flat graphene (3.5 Å) [35].
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Figure 1. Evolution of distance between adsorbed pyrene molecules and SWNT for (a) Model-1, (b) Model-2. MD run
1 and MD run 2 indicate independent runs for each model.

In both independent simulations of duration 1 ns, four to five out of ten freely diffusing pyrene-PEG 2000
chains were adsorbed on the thin SWNT surface (Figure 1a, inset). However, only one pyrene-PEG 5000 chain
out of ten chains was able to adsorb (Figure 1b, inset). The reason behind the low number of adsorbed pyrenePEG 5000 chains was the occupation of the nanotube surface by long flexible PEG chains due to van der Waals
interactions [36]. Steric hindrance for the pyrene adsorption on the SWNT built up with longer PEG chains.
Figure 2 displays the time evolution of angles between the vectors normal to the pyrene surface and to
SWNT pores throughout the trajectory. Accordingly, an angle of 90 ◦ indicated that the position of the pyrene
molecules was parallel to the nanotube surface, the most energetically stable orientation, as will be discussed for
interaction energy calculations. Angle evolutions verified that pyrene adsorbed on the SWNT surface in parallel
and stayed in this orientation while diffusing on the nanotube surface. The pyrene end of longer PEG 5000
chains bound in perpendicular orientation to the surface (Figure 2, last row). Even in this position, the pyrene
molecules did not desorb from the surface, as Figure 1b also indicates. The length and flexibility of PEG
chains did not detach the pyrene from the SWNT sidewall; therefore, the chain length seemed not to affect the
adsorption of the pyrene molecules.
Once adsorbed, all pyrene molecules laterally diffused on the curved SWNT without detaching (see Figure
1), as was previously observed for similar systems [14]. Time average mean squared displacement (MSD) was
calculated to investigate the spread of adsorbed pyrene motions on the SWNT surface and in the solution (Figure
3). Here pyrene-PEG chains in solution will be referred to as ‘free’ as well. When the diffusion of the pyrene ends
of short (Figure 3a) and long polymer chains (Figure 3b) in solution was compared, the average MSD trends
were similar, as expected for high polymer concentrations [37]. Figure 3c indicates that some adsorbed pyrenes
attached to PEG 2000 had lower MSD values, which implied that they experienced viscous forces more. The
diffusional behavior of the pyrene molecules seemed to reflect the local packing on the nanotube surface, which
constantly changed due to diffusion of pyrene molecules and coiling of PEG chains. The extent of unconstraint
motion of adsorbed chains (Figure 3c) was similar to pyrene-PEG motions in the solution (Figure 3a), attaining
MSDs ∼100 Å 2 at 1 ns. Interestingly, pyrene motions while attached to PEG 5000 had similar MSD trends
when adsorbed and free in solution (Figures 3b and 3d). This suggested that pyrene ends could diffuse to the
same extent when adsorbed and free in solution, if the SWNT sidewall is not fully covered.
On the other hand, the spread of adsorbed pyrene-PEG 5000 (Figure 3d) was similar to the adsorbed
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Figure 2. Angle evolution for absorbed pyrene-PEG chains in Model-1 and Model-2.

pyrene-PEG 2000 experiencing less viscous forces (Figure 3c). Here it was difficult to differentiate the effect of
chain length on the diffusional behavior of adsorbed pyrene ends. The surface coverages on SWNT in short and
long chain systems were not similar.
1162
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Figure 3. MSD curves of (a) free pyrene-PEG 2000 chains, (b) free pyrene-PEG 5000 chains, (c) absorbed pyrene-PEG 2000
chains, (d) absorbed pyrene-PEG 5000 chains. Bold curves represent the average MSD values for MD run 1 (blue) and
MD run 2 (orange).

2.2. Dynamics of PEG chains
Dynamic behaviors of polymer chains were assessed by average radius of gyration <R g > and end-to-end
distance <R e >. As the number of pyrene ends adsorbed on the SWNT surface was low, PEG chains were
considered in the ‘mushroom’ regime [38]. For both adsorbed and free PEG 2000 chains, the mean of <R g >
values was calculated as 14.4 Å (Table; Figure 4a). Our results also agreed with the light scattering experiments
yielding R g = 0.202 × Mw 0.550 [39], MD simulations with a CHARMM force field [38], and the Gaussian chain
model [40] (Table). Differences in the conformational dynamics of adsorbed and free chains were pronounced
for PEG 5000 chains, with a mean of <R g > values of 18.8 Å and 23.5 Å, respectively (Table; Figure 4b). The
main reason for this difference seemed to be the low number of samples for the adsorbed PEG 5000 chains; this
was also reflected in the expected <R e > value, which will be discussed later. Free PEG 5000 chains adopted
more expanded and compact conformations in the solution, as noted with a wide distribution of R g values
(Figure 4a).
In addition, the distribution of R g values was obtained for both adsorbed and free chains (Figure 4a).
After their pyrene ends adsorbed on the SWNT surface, PEG chains retained their flexibility and they underwent
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Table.
Chain

PEG2000
PEG5000

<Re > (Å)
This
study:
Adsorbed
30.1
31.8

This
study:
Free
33.7
58.0

< R e > and < R g > for PEG 2000 and PEG 5000 chains.

Ref. [40] :
Adsorbed
28.8
45.5

Ref.
[40] :
�Free
35.0
56.0

Ref.
[38] :
Free
36.0
56.3

<Rg > (Å)
This
study:
Adsorbed
14.4
18.8

This
study:
Free
14.4
23.5

Experiment
[39]

Ref.
[40]

Ref.
[38]

13.2
21.9

14.0
23.0

14.5
25.2

different conformations around the nanotube (Figure 4c). For example, the most compact PEG 2000 chain
(adsorbed chain number 8 with <R g > ∼10 Å in Figure 4a) expanded slightly during the simulations, acquiring
a value of 13.0 Å comparable with experimental light scattering data of 13.2 Å. Due to crowding in the system,
a few PEG 2000 chains retained an extended conformation ∼18.0 Å. Similarly, the compact PEG 5000 chain
with a <R g > of 15.0 Å (Figure 4b, chain number 1) was adsorbed on the SWNT in around 0.5 ns and then
maintained its conformation in the crowded medium.
The conformational behavior of adsorbed and free PEG chains was also reflected with the average root
mean square end-to-end distance, <R e > (Figure 4b; Table). After adsorption from the pyrene end, the PEG
chain is expected to adopt a <R e > value slightly larger than 2 × <R g > in the ‘mushroom’ regime,
according to the Gaussian chain model [40]. In the present study, the <R e > value averaged for nine adsorbed
pyrene-PEG 2000 chains was 30.1 Å, slightly over 2 × 14.4 Å, satisfying this theory. With a more focused look,
mean Re values of absorbed and free pyrene-PEG 2000 chains fluctuated between 15.0 and 50.0 Å.
The <R e > value averaged for two pyrene-PEG 5000 chains was lower (31.8 Å) than expected ( >45.5 Å)
[40] (Table). On the other hand, the <R e > values of pyrene-PEG 5000 chains in solution were distributed
in a wide range, being between 20.0 and 100.0 Å (Figure 4b).

These results reflected the flexibility of

long PEG chains, whether adsorbed on the solid surface or freely diffusing in the solution. There was no
significant difference between conformational dynamics of the adsorbed and free PEG chains, as expected for
the ‘mushroom’ regime.

2.3. Interaction energy calculations for adsorbed pyrene-PEG on the SWNT
Interaction energies between the pyrene-PEG chains and SWNT were calculated using the trajectory from
quench dynamics. The results are displayed in Figure 5. In each simulation, the energy of the first configuration
was high, but quickly diminished to an average value. High energies of the first configurations were due to random
velocities assigned at the beginning of the simulations. The average interaction energy of the pyrene-PEG 2000
complex to SWNT was calculated as –71.57 kcal/mol and that of pyrene-PEG 5000 was –77.59 kcal/mol in
water, which were close to each other. These energy values also agreed with our previous findings [32], which
indicated interaction energies of –65.99 kcal/mol for pyrene-PEG 2000 and –72.05 kcal/mol for pyrene-PEG 5000 .
The slight difference between the previous and current results was due to different conformational samplings of
the pyrene-PEG chains on the nanotube sidewall.
In the sampling, the pyrene bearing PEG 5000 started with a perpendicular orientation to the SWNT
surface and then changed to a stable parallel conformation. As in MD simulations, while pyrene diffused on
the SWNT surface, the flexible PEG chain adopted different conformations, as shown by the lowest energy
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Figure 4. (a) Radius of gyration (R g ) , (b) end-to-end distance (R e ) of adsorbed and free PEG chains. (c) Conformations
of adsorbed pyrene-PEG chains are shown in different colors. For clarity, water molecules and free chains are hidden.

configurations, indicating the polymer wrapping the SWNT (Figure 5a) and extending to the solvent (Figure
5b).

2.4. Conclusions
Here we reported the details of the early events in adsorption of an aromatic pyrene ring attached to PEG onto
a SWNT at atomic level. All-atom MD simulations in water showed that the adsorption of long pyrene-PEG
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Figure 5. Interaction energy profile for (a) SWNT–pyrene-PEG 2000 and (b) SWNT–pyrene-PEG 5000 .

chains from a bulk mixture was driven by the affinity of pyrene to the SWNT surface. Here the effect of PEG
molecular weight on stimulating/constraining the diffusion of pyrene ends to the surface seemed to be negligible
since the diffusion of PEG chains did not change with respect to molecular weight, as expected for concentrated
polymer solutions. On the other hand, the adsorption rate of longer pyrene-polymer chains was lower than that
of shorter chains due to steric hindrance on the nanotube surface.
The results also confirmed the stable π − π stacking interactions between the adsorbed aromatic pyrene
molecule and SWNT. Pyrene groups were able to keep their strong interactions with the nanotube, while
attached to long and flexible PEG chains, even in different orientations in the concentrated solution. PyrenePEG complex could diffuse over the smooth SWNT surface without detaching and a long PEG chain could coat
a larger area on the SWNT surface. This observation implied that SWNTs can keep their biocompatibility in
blood, which can extend their circulation time with their cargos, such as small drugs.

3. Experimental
The Build module of Materials Studio 8.0 was used to generate a single-wall CNT (SWNT) having (6,5) chirality,
with diameter 7.0 Å and length 40.0 Å. This diameter was small enough to prevent the diffusion of pyrenePEG chains inside the nanotube. If the diameter is high enough to allow pyrene-PEG chain diffusion into the
nanotube, the fluctuations of the polymer can be hindered in this confined space. This situation was not desired
since the dynamic properties of the adsorbed and free chains were aimed to be compared in the present study.
Using the same module, PEG chains with molecular weight 2000 g/mol (PEG 2000 ) and 5000 g/mol
(PEG 5000 ) were generated with random conformations; then they were attached to the pyrene molecule from
one end. All generated structures were geometrically minimized using the Smart method (a cascade of the
steepest descent, ABNR, and quasi-Newton methods) of Materials Studio with the COMPASS force field,
which is an ab initio force field suitable for organics, inorganics, and polymers to compute their thermophysical
properties [41]. An energy convergence criterion of 0.001 kcal/mol was employed to stop the minimization.
The charges of all molecules were calculated using the QEq method [42]. In MD simulation studies,
the QEq method is commonly used as a charge equilibration method, depending on ab initio calculations to
compute the charges for polymers, ceramics, carbon nanotubes, and biological systems [43,44].
The simulation box of polymeric solution was generated using the Amorphous Cell module, where the
SWNT and ten copies of pyrene-PEG 2000 chains were randomly packed. This system was called Model-1. Boxes
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were solvated with explicit water, while fixing the density to 1.2 g/cm 3 . The system under periodic boundary
conditions was minimized, as was explained before, to relax steric clashes that occurred during the packing
process. The same procedure was repeated for Model-2 including the SWNT and ten copies of pyrene-PEG 5000
chains.
MD simulations were carried out using the Forcite module with the COMPASS force field. Simulations
were run with the canonical ensemble (NVT) at temperature 300 K, which was controlled by a Berendsen
thermostat [45] with a decay constant of 0.1 ps. The Ewald summation method was used for electrostatic
interactions and a cut-off distance of 12.5 Å was set for long-range interactions. All systems were simulated for
1 ns, which was sufficient to observe the adsorption process of pyrene-PEG chains on SWNTs. A time step of 1
fs was used, and each simulation was repeated twice to obtain independent samples, called MD run 1 and MD
run 2.
In addition, a cascade of MD simulations and energy minimization was performed to better sample the
configurational space of pyrene-PEG adsorption on the SWNT. Using the Quench task of Materials Studio,
total MD simulation time was set as 1 ns, where every 100 ps energy minimization was implemented. The same
conditions for MD simulations and energy minimization were used as explained before. Then the interaction
energy between the pyrene-PEG chain and SWNT was calculated by
Einteraction =Esystem −(E1 +E2 ),

(1)

where Einteraction was the interaction energy, Esystem was the total system energy (SWNT and pyrene-PEG),
and E1 and E2 were the energies of pyrene-PEG chain and SWNT, respectively.
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